In order to meet the requirements of an increased efficiency applying to modern devices and in more general terms science and technology, it is necessary to develop new materials. Combining various types of materials (such as metals and ceramics) and developing composite materials seem to be suitable solutions. One of the most interesting materials includes Cu-Al 2 O 3 composite and gradient materials (FGMs). Due to their potential properties, copper-alumina composites could be used in aerospace industry as rocket thrusters and components in aircraft engines. The main challenge posed by copper matrix composites reinforced by aluminum oxide particles is obtaining the uniform structure with no residual porosity (existing within the area of the ceramic phase). In the present paper, Cu-Al 2 O 3 composites (also in a gradient form) with 1, 3, and 5 vol.% of aluminum oxide were fabricated by the hot pressing and spark plasma sintering methods. Two forms of aluminum oxide (aAl 2 O 3 powder and electrocorundum) were used as a reinforcement. Microstructural investigations revealed that near fully dense materials with low porosity and a clear interface between the metal matrix and ceramics were obtained in the case of the SPS method. In this paper, the properties (mechanical, thermal, and tribological) of composite materials were also collected and compared. Technological tests were preceded by finite element method analyses of thermal stresses generated in the gradient structure, and additionally, the role of porosity in the formation process of composite properties was modeled. Based on the said modeling, technological conditions for obtaining FGMs were proposed.
Introduction
Rapid progress in technology requires new materials with special properties. Composite materials are an answer to the constantly increasing demand for materials with improved structural and operating parameters, and enable required properties and features to be shaped deliberately to a degree unavailable for traditional types of monolithic materials. Metal matrix composites (MMCs) and functionally graded materials (FGMs) were developed to reach better parameters, especially high-temperature resistance to wear and corrosion, mechanical strength, thermal and electric conductivity, and magnetic properties. In particular, FGMs make suitable candidates for materials whose properties vary depending on the distance from the material surface (Ref 1). The idea of functionally graded materials was intensively developed in early 1984 in Japan, where it was proposed to increase adhesion and minimize the thermal stress in metal-ceramic composites developed for reusable rocket engines (Ref 2) . At present, graded materials are widely used in power, aircraft, aerospace, electronics, automotive, and chemical industries (Ref 3) .
Copper is characterized by high electrical and thermal conductivity, which makes copper a great prospective component of metal matrix composite materials. However, poor adhesion to widely used reinforcements, chemical reactions at interfaces, and quick oxidization of Cu can create serious problems with the formation of the strong bonds at the interface between composite components (Ref 4, 5) . Copper matrix composites with different ceramic reinforcements (AlN, SiC, C, Al 2 O 3 ) are extensively used in aerospace industry in products that are subjected to severe thermal and mechanical loadings such as rocket thrusters and components in aircraft engines (Ref 6, 7) . A thruster is a drive unit of stabilizing motors used in rockets. It constitutes an element of an outlet in combustion engines, entered by gases from the combustion chamber. This particular part is exposed to the unfavorable impact of external factors such as high temperature, abrasive wear, and corrosion, hence being a frequently replaced element of the engine. The most common defects include layer degradation or numerous cracks resulting from a chemical reaction with exhaust gases (Ref 8) . At present, a material used for thrusters is copper alloy, showing low resistance to wear. The application of a gradient material composed of Cu-Al 2 O 3 composite layers with a slight addition of aluminum oxide is expected to enhance tribological properties, at the same time preserving good thermal properties. The selection process of the composition of the gradient material was performed based on requirements for these materials (among others thermal conductivity higher than 300 W/(mAEK), minimal porosity, high wear resistance), and additionally, it was intended to guarantee low residual stress in these systems.
It was reported that the physical and mechanical properties of composites are also improved significantly if particles are fine, and distribution of these particles is homogeneous and the metal-ceramics bonding is strong. The main disadvantage of copper matrix composites reinforced with aluminum oxide particles is residual porosity, which influences the material properties, and pores that are present within the area of the ceramic phase (Ref 9) . One can observe that a-form of aluminum oxide powder (aAl 2 O 3 ) shows a strong tendency to form agglomerates at the preparation stage of Cu and Al 2 O 3 powder mixtures, which results in residual porosity in composites. This is result of different sintering temperatures of copper and aluminum oxide. Electrocorundum is a polycrystalline material obtained by melting aAl 2 O 3 powder, referred to as corundum crystallized from an alloy in electric furnaces. It is pure, crystalline Al 2 O 3 used to produce grinding wheels, abrasive paper, and cloth as well as high-melting and refractory materials. No crystalline free silica and heavy metals in its chemical composition makes it environmentally friendly and contributes to its protection. Another particularly crucial aspect is the production of an isotropic composite material, in which good metal-ceramic bonding will be obtained, without the third phase of the so-called nonstoichiometric compounds (spinels and oxides), which can significantly reduce the basic properties of these composites, including thermal conductivity.
The publication consists of two parts. The results of CuAl 2 O 3 composites sintering by hot pressing (HP) and spark plasma sintering (SPS) in first have been presented. The second section has been focused on production process of gradient materials (FGM), assignment to racket thruster. To optimize the stress distribution in the established models, finite element method (FEM) has been used. Based on the FEM results, the compositions of FGM materials have been accepted.
In this paper, the effect of volume fraction and type of the Al 2 O 3 form on the microstructure and some chosen properties (hardness, thermal conductivity, bending strength, and wear resistance) was also reported.
Experimental Procedure
The following commercially available powders were used as the starting materials: copper powder (Fig. 1a , by Sigma Aldrich, 99.9% purity) and two kinds of alumina powders: electrocorundum powder (ED Al 2 O 3 ) (Fig. 1b , KOS, 99% purity) and a-form of aluminum oxide powder (aAl 2 O 3 ) (Fig. 1c , NewMet, 99.99% purity). These two forms were chosen to determine the effect of the ceramic phase on the properties of composite materials. Research tasks included the characterization of the grain size distribution of the output powders performed using the Clemex image analysis system. The particle size distribution was analyzed as a function of FeretÕs diameter (d). As a result, the average FeretÕs diameter (d A ) was calculated. Based on the analysis, the average size of the Cu particles was found to be d Cu = 9 lm (the size range is from 2 to 11 lm), and that of the aAl 2 
Three different powder mixtures were prepared with the following composition (in vol.%): 99%Cu-1%Al 2 O 3 , 97%Cu-3%Al 2 O 3 , and 95%Cu-5%Al 2 O 3 . These compositions were selected based on modeling studies (FEM model) focused on thermal stress in the gradient structure of composite materials, taking into consideration their possible application in aerospace industry, including rocket thrusters. One of the very popular methods of preparing metal-ceramic composite powders is mechanical alloying proposed by Banjamin ( Ref 10, 11) in the 1960s, which was followed in the present experiment. The mixing test was carried out in a Pulverisette 6/Fritsch planetary mill with a 250 mL container and tungsten carbide balls (Ø 5 mm). The high-energy mechanical milling process was performed at room temperature under an air atmosphere, at the rotation speed of 200 rpm and the time of mixing of 6 h. The weight ratio of balls to powder (BPR) was 3:1. Mixing process parameters were experimentally selected based on the previous works by the authors (Ref 11, 12) .
The history of mixing kinetics can be illustrated by means of the coordinates of powder particle diameter and standard deviation. Temporal changes of these two parameters can get a specific ''hysteresis''-loop or are linear. It suggests either growth (agglomeration) of particles of the composite powder materials or decomposition of particles matrix without the formation of composite powders. This effect is usually observed for high concentrations of the fragile reinforcing phase. This is confirmed by the performed research works focused on graining of copper-5% electrocorundum powders (Fig. 2a) , which was mixed in a high-energy planetary mill.
The results of mechanical work done on the mill system are observed as powder particles growing in diameter. When the concentration of the reinforcing phase reaches the saturation point in the matrix, the formation process of composite powder, are going through breaking of matrix, gradual grinding, and production of high homogeneous in size composite powder (Fig. 2b) . The obtained materials were pressure sintered in the Astro Thermal Technology hot press. The parameters of sintering were as follows: sintering temperature of 1050°C, time of 30 min, and pressure of 30 MPa. After the holding time (30 min), the samples were cooled down from the furnace temperature to the room temperature, with the external load removed. Spark plasma sintering (SPS) was also used to sinter composite powders consisting of copper and electrocorundum powders. The parameters of the process were as follows: temperature of 950°C, time of 15 min, and pressure of 30 MPa.
Microstructural investigations included analyses using scanning electron microscopy (SEM, Auriga CrossBeam Workstation/Zeiss) and transmission microscopy (TEM, Tecnai G2 F20). The density of the obtained composites was measured according to the Archimedes method. The theoretical density was calculated on the basis of the densities of Al 2 O 3 (q Al2O3 ¼ 3:97 g/cm 3 ) and copper (q Cu = 8.97 g/cm 3 ). Hardness (HV1) was tested by Durascan 10/Emcotest with a Vickers diamond indenter using a load of 9.81 N applied for 10 s. The hardness results were averaged over 5 indentations per specimen. Thermal conductivity was measured at the temperature of 50°C using the Laser Flash Analyser LFA457/Netzsch under an argon atmosphere. The measurements of the specific heat (used in the calculation of thermal conductivity) of the composites were performed by a STA 449 Jupiter Netzsch fine thermal analyzer using the differential scanning calorimetric method with heat flow (DSC). The bending strength of the composite samples was determined in a ZWICK 1446 testing machine with a 30 mm span and a head travel speed of 10 mm/ min. The average values of the bending strength were calculated taking in consideration the results of five tests. Tribological tests were conducted according to the following procedure. The samples were pressed against a stainless steel ball measuring 6.5 mm in diameter with force F n = 5 N. A holder together with the ball attached to it was set in a reciprocating motion driven by an electrodynamic generator. The two components between which the friction appeared slid on one another at a velocity of 5 mm/s. The friction force F t thus generated was measured with a piezoelectric displacement sensor 24 times per second. It was induced and recorded in 30 min long friction processes. The friction coefficient was analyzed using special software. After the test, the surface of the groove was analyzed using scanning electron microscopy, and wear volume of the groove of the samples was measured with a scanning profile-gage (Veeco).
Results and Discussion

Selection of Composition of Gradient Material: FEM Modeling
Selection of the composition of the Cu-Al 2 O 3 composite was made through optimization of the state and distribution of thermal stresses in a gradient material using the finite element method (to determine thermal stresses generated in a material in a standard operation mode of a given structural component).
In this modeling approach, a simplified FEM model was used. The FE mesh was generated as a randomly immersed voxel of alumina in the metal matrix. The following alumina content was considered:
1. 0, 1, 3, and 5% of Al 2 O 3 content for the first, second, third, and fourth layer, respectively-FGM 1, 2. 0, 2, 3.5, and 5% of Al 2 O 3 content for the first, second, third, and fourth layer, respectively-FGM 2, 3. 0, 2, 4, and 5% of Al 2 O 3 content for the first, second, third, and fourth layer, respectively-FGM 3.
For the purpose of numerical calculation, material parameters were taken from the literature (Ref 13, 14) and subsequently are presented in Table 1 . In this numerical experiment, the calculation of the thermal stress inside the material was made for the cooling temperature ranging from 1000°C to room temperature (20°C) with the blocked displacement on the sides of the specimen. The examples of calculated thermal stresses are presented in Fig. 3 for the copper phase and in Fig. 4 for the alumina phase. The average stress was calculated according to the following Eq 1:
where n is the number of elements and r j ii stands for the stress r 11 , r 22 ;and r 33 in the jth element.
The calculation results of average thermal residual stresses (residual stress tensor in three directions) are presented in Table 2 . The stress in the layer is generated by the mismatch between the coefficient of thermal expansion of copper and alumina, but on the level of thermal stress, the boundary conditions have a large influence. Here blocked was the displacement (in direction 11) on the both sides of specimen, and even in the pure copper, this leads to generation of stress. The addition of even small content of alumina leads to increase the thermal stress (Table 2 ) (r 11 for layer 1 compared to r 11 for layer 2, 3, or 4). The r 22 and r 33 are lover then r 11 because the displacement for those directions had not been blocked-the specimen is free to expand in those two directions. The calculations made show that the lowest values and therefore the lowest difference in values between the first and the second layers within the gradient area were obtained for the first model of the gradient material, i.e., 0, 1, 3, and 5% of Al 2 O 3 content for the first, the second, and the third layers-FGM 1. In connection with the obtained results, such gradient structure was assumed for the purpose of experimental works.
Physical and Mechanical Properties of Composite Materials
The physical and mechanical properties of the obtained composite materials are presented in Table 3 . The measured and relative densities of pure copper, Cu-Al 2 O 3 composites (HP), and Cu-electrocorund composites (SPS) show better densification of a material for spark plasma sintering (SPS). A better densification of composites obtained through the SPS process compared to hot-pressed materials is due to the idea of both processes, i.e., the manner in which the graphite matrix where the sintered powder is placed is heated up. For the HP method, the heat is transferred to the matrix through convection and radiation. Therefore, the distribution of temperature on the cross section of the sample is uneven, and longer times are required to obtain heterogeneity. As for the SPS method, the set electrical current that passes through graphite plugs, the matrix, and the sintered powder heats the whole system due to the effect of Joule heating. As a result, a local temperature hike on grain-to-grain contact sites is observed (again due to the effect of Joule heating). This has an effect on the speed of the mass transport on the way of evaporation and convection, and, at the same time, oxides are removed from the surface of metal particles and the energy of activation of diffusion processes in the powder is decreased, which improves the densification of the material. The density tests confirmed the possibility of obtaining nearly theoretically dense Cu-ED Al 2 O 3 composites using SPS method. Additionally, the obtained results reveal higher relative density for composites with electrocorundum phase (especially with 5 vol.% of ceramic phase) then in the case of using aAl 2 O 3 . When using electrocorundum grains as a composite reinforcement, intergranular porosity occurring between nonsintered grains of aAl 2 O 3 powder displaying a strong tendency to agglomerate was successfully eliminated. The performed CLEMEX porosity analysis of composite materials (Fig. 5) showed that the porosity is located within the area of the ceramic phase, which in addition is easily crumbled up during the preparation of microsection surfaces due to the fact that aAl 2 O 3 grains are not sintered under the production conditions of composites. Porosity in the copper matrix was also observed for composites sintered using the hot pressing technique (HP).<Dummy RefID="Fig5
The research works carried out with the CLEMEX method enabled the estimation of porosity in particular composites. By the way of illustration, for Cu-5% aAl 2 O 3 composite, porosity reached around 4%, whereas for Cu-5% ED Al 2 O 3 , it equaled about 2%. The obtained results correlate closely with density measurements.
In the case of hardness measurements for the Cu-Al 2 O 3 composites (Table 3) , the increase of ceramic phase causes the raise of materials hardness. The form of reinforcement strongly influence on the obtained values. Electrocorundum as a melted form of aAl 2 O 3 powder significantly improve of hardness of bulk composite, what is clearly visible in the case of materials sintered by SPS method. Considerably higher hardness values were achieved for composites obtained by the SPS technique, in the case of which electrocorundum was used as the ceramic phase. HV1 hardnesses for the composite with 5 vol.% of electrocorundum for sinters obtained by the SPS method and the HP technique were 68.2 and 54.7, respectively, as compared with pure copper with the HV1 value of 40. Comparing the results for HP method, it is not that obvious. There are not too much differences depending on the type of ceramic phase. The role of porosity (the values are comparable) may have the critical effect of the obtained results. We can add that measurements of hardness for materials with so slight amount of reinforcement are difficult and obtained results may be confusing.
The performed bending strength tests (Table 3) prove that when increasing the amount of aluminum oxide in composites, their strength falls. This decrease is a consequence of an increased fraction of the fragile ceramic phase. Higher values of bending strength were recorded for composites in which electrocorundum phase was used. Among others, such results can be explained by a more advantageous reinforcing phase distribution in the matrix. In the case of Cu-aAl 2 O 3 composites, agglomerates of nonsintered aluminum oxide powder, recognized as areas with lower strength, are formed in the structure. The tendency of bending strength changes is appropriate, but we are aware of imperfection of this test, especially when we measure materials of high plasticity (like copper).
The analysis of the thermal properties of Cu-Al 2 O 3 composites confirmed an influence of the chemical composition, type of the applied powder as well as their manufacturing technique on the obtained thermal conductivity values (Table 3 ). Higher thermal diffusivity values were achieved for composite materials sintered using the SPS method. In consequence, thermal conductivity of these materials is greater in the case of composites obtained by the hot pressing technique (HP). The presence of pores in the structure of composites fundamentally affects the obtained thermal conductivity values. Pores present between nonsintered aluminum oxide grains are barriers for the heat transport in a material. This study confirms the previous works by the authors (Ref 15) , focused on a different reinforcement material (AlN), in the case of which similar problems were observed.
For Cu-Al 2 O 3 composites in which electrocorundum was used, thermal conductivity >300 W/(mAEK) was successfully obtained for all proposed compositions. However wondering, there is slight increase in thermal conductivity with respect to the improvement of the density of composites wit 1 and 3% of ceramic phase. The highest thermal conductivity value of 335 W/(mAEK) was recorded for the Cu-1 vol.% electrocorundum composite (SPS). An increased ceramic phase fraction in composites results in the expected decrease in thermal conductivity of composites. This is inextricably linked with an increased fraction of the phase with the lowest thermal conductivity (k % 20-30 W/(mAEK)) (Ref 13).
Microstructure Investigation of Composite Materials (SEM/EDS and TEM)
Research on the microstructure of Cu-aAl 2 O 3 and Cu-ED Al 2 O 3 composites using scanning microscopy was focused on the assessment of the quality of bonding between ceramics grains and the copper matrix as well as the quality of the obtained material, i.e., distribution homogeneity of the reinforcing phase and absence of any defects which could have a significant influence on mechanical and thermal properties of the composites. The SEM images of HP composites materials in Fig. 6 are presented.
The analysis of the microstructure found quite uniform distribution of reinforcing phase in the whole volume of the composite. Outside the porosity there were no other significant discontinuities in the structure of the obtained materials. For the composite with the highest Al 2 O 3 content, can be observed the presence of pores, mainly in the ceramic phase.
TEM microstructure investigation (Fig. 7) of the interface revealed a clean ceramic-metal boundary. There was no evidence of the presence of other phase. However, in the case of hot-pressed composites locally some amount of the CuO x phase was observed.
Moreover, TEM investigation showed that aAl 2 O 3 powder grains are arranged in agglomerates (Fig. 8a) , and there are empty spaces between grains forming these agglomerates. The performed research works indicate rather adhesive nature of the metal-ceramic bonding.
Tribological Properties
Looking from the point of view of prospective applications, the tribological properties of composites are particularly important. The coefficient of friction for both groups of composite materials is presented in Table 4 . It can be stated that as a result of increasing hardness of materials, increasing content of the ceramic phase in a composite can, in consequence, increase friction coefficient. When it comes to composites containing 1% of the ceramic phase, behavior similar to that of pure copper, for which the coefficient of friction is around 0.3, was recorded. The value of the coefficient of friction for Cu-ED Al 2 O 3 composites is 0.37 (ceramic phase 3% vol.) and 0.50 (ceramic phase 5% vol.). Changes in a temporary value of the coefficient of friction for friction pairs are D = $0.1 and stem from changeable resistance to motion during friction, resulting from numerous, minute gaps and transferred wear products (mass transfer). The main source of resistance to motion is plastic deformations and adhesion of the material of the sample to an abrasive ball. The material of the counterbody was not worn, and no traces of the removed composite material adhering to it were observed. Figure 9 shows the 3-D profiles of the composite surface after the wear test. The increased content of ceramic phase results in an improved frictional wear resistance as shown in Table 4 . The obtained values are an average of three measurements. In the case of materials with a higher content of Al 2 O 3 (5 vol.%), the counterbody slides on the surface of the composite, as a result of which wear of the surface is less prominent. For pure copper, the wear pattern of its surface is plastic due to considerable hardness of the ball and composite material. Microscopic observations of grooves formed after friction tests were performed using a scanning electron microscope. The SEM images of Cu-5 vol.% aAl 2 O 3 and Cu-5 vol.% ED Al 2 O 3 composites are presented in Fig. 10 . It was found that for higher concentrations of ceramics, the width of wear traces is slightly lower and the surface is less defective. Based on the analysis of SEM images, it can be concluded that during the friction process, mainly wear products get agglomerated, creating a continuous tribo-layer on the surface of copper. Smoothing surface irregularities leads to the formation of local build-ups and gaps.
For Cu-ED Al 2 O 3 composites, the surface of grooves is relatively smooth and one can notice slide lines, along which the counterbody moved. Single gaps and build-ups, leading to an intense friction process, are visible in the structure. In all analyzed instances for this group of materials, the presence of both fine ceramic and metallic particles removed during the friction process, which contribute to higher material wear than in the case of Cu-aAl 2 O 3 composites, was confirmed.
Microstructure Investigation of Cu-Al 2 O 3 Gradient Material
The conducted investigation revealed that through a proper selection of the starting materials and the sintering technique of composite powders, one can achieve composite materials with target properties. The best physical, mechanical, and operational properties were obtained in the case of composited produced by spark plasma sintering (SPS) and those the reinforcing phase of which was in the form of electrocorundum. On this basis, a gradient material (FGM) was prepared. Its schematic diagram is shown in Fig. 11 . The assumed thickness for the entire gradient material was 4 mm (i.e., 1 mm for each layer). Metallographic microsection was prepared from a cross section of the obtained gradient material, and afterward, it underwent examination using an optical microscope (Fig. 12) .
The microstructural analysis of the outcome material with composition gradient did not show the presence of any structural defects for the areas at the boundary between individual layers of FGM. As the structural defects, we think about presence of discontinuities and microcracks, especially at the area close to the adjacent layers of FGM. It was observed some existing porosity within the individual layers. The pores were visible in different areas of FGM, exactly similar to the amount of porosity in each composites sintered separately. No discontinuities and delamination were observed on the boundary of the sintered layers, which proves that the sintering parameters were selected in a proper manner and stresses stemming from differences in the shrinkage of particular layers of the FGM do not cause any destruction in material structure.
Conclusions
Based on the conducted research works it can be concluded that when changing the geometry and form of the ceramic phase in Cu-Al 2 O 3 composites and employing various manufacturing techniques of these materials, one is able to improve their properties, so crucial from the point of view of their future prospective applications. As a result of using electrocorundum in copper-based composites, it was possible to limit porosity in the ceramic phase, thus contributing to enhanced mechanical, thermal, and tribological properties of these composites. On the basis of the performed technological trials and research works, spark plasma sintering (SPS) was chosen, and electrocorundum was selected as the form of the reinforcing phase material used in the production of the material with composition gradient. The present experiment led to the production of a material with a known fraction of the ceramic phase (1, 3, 5 vol.%) in the cross section. The investigation of the structure allowed us to conclude that the developed technology makes the production of the Cu-Al 2 O 3 gradient material with relative density and homogeneous distribution of the ceramic phase in the copper matrix (within the area of each layer) possible. No structure discontinuities were found between separate layers forming the gradient material which in the longer term is expected to be used as a component of thrusters. 
